A study of the correlation between the refractive index (RI) method adopted by the European Community (EC) and a reference pycnometric method for the measurement of alcoholic strength was undertaken. A new RI method with greater accuracy was also developed. Alcoholic strength measured by both RI methods presented a relatively constant negative bias compared with results by the pycnometric method. Differences found between the RI methods and the pycnometric method were 0.6-0.9% (v/v) when RI was measured by the EC method and 0.4-0.5% (v/v) when the new RI method developed in our laboratory was used. Statistical analysis of the results showed that differences between the 2 RI methods and the reference pycnometric method were statistically significant at the 95% confidence level. Correction factors are proposed for the accurate use of measurements of alcoholic strength obtained for small volume samples.
A lcoholic spirits are characterized by their alcoholic strength, which is a routinely measured parameter expressed as liters of ethanol contained in 100 L spirits. In other words, alcoholic strength is measured as volume per volume and expressed as % (v/v); it is measured at 20°C (1, 2) . Spirits that are pure distillates can be measured without any further treatment, but nondistilled alcoholic beverages, such as wine, should be distilled and reconstituted to the initial volume.
The current methods described by the European Community (EC) Directive (1) for measurement of alcoholic strength are characterized as reference and usual methods. The proposed reference method measures the density of the distillate by using a pycnometer.
The following 3 methods are proposed as usual methods: (1) The refractive index (RI) is measured in the range 1.330-1.346, at ambient temperature, and the alcoholic strength is calculated by means of tables adapted from AOAC Official Method 47.004 (2) . (2) The density of the distillate is measured by hydrostatic balance, and the alcoholic strength is calculated. (3) The alcoholic strength is measured with an aerometer, thermometer, and measuring cylinder.
When the volume of the sample is sufficient, the method of choice for the routine measurement of alcoholic strength is the use of the aerometer. In this case, a sample volume of ³200 mL is required.
When a sample of small volume is available, the alcoholic strength can be evaluated from measurement of the RI of the distillate (1, 2) .
Chromatography was also used in gas chromatographic (3) and liquid chromatographic analyses (4, 5) . An enzymatic method has also been used for the determination of alcoholic strength (6) . The chromatographic methods require expensive equipment and trained personnel, and the necessary calibration is time-consuming.
In our laboratory, we tried to use the RI method because it is endorsed by AOAC INTERNATIONAL (2) or the EC (1), but accuracy and repeatability were lacking. To use the method in an officially accredited laboratory, as is our laboratory, we needed to validate the method according to the relevant International Standards Organization (ISO) procedure (ISO 17025).
Because of the rather large differences between the results obtained by the official RI method (1) and the reference pycnometric method, a new, more accurate RI method was developed. Results of this study are presented. 
Experimental

Reagents and Apparatus
Results and Discussion
To determine the accuracy and repeatability of the RI method, we determined the alcoholic strength of 31 grape pomace distillates (tsipouro) with the aid of a pycnometer and the relevant RI method (1) .
In the course of these determinations, we found that very often the temperatures of the sample bottle and the refractometer prisms were different. This difference could be due to the different effects of air convection currents on the thermal conductivity of the glass bottles and of the metal block surrounding the refractometer prisms. A final error of as much as 0.5% (v/v) could be introduced in the determination of alcoholic strength. Thus, we decided to use the constant-temperature equipment of the refractometer and to measure the RI at the standardized temperature of 25°C. This temperature was selected because it was above room temperature but low enough to avoid evaporation of ethanol during RI measurement. Accordingly, the alcoholic strength of each distillate was measured by (1) using the reference pycnometer, (2) measuring the RI by the AOAC Official Method at room temperature, and (3) using a new method to measure the RI measured at 25°C.
Experiments were performed to assess the linearity range of RI values determined for ethanol-water mixtures at 25°C. A standard curve for ethanol-water mixtures was prepared. The results are presented in Figure 1 . We found that, for an ethanol content of >40% (v/v), a departure from linearity exists, and accordingly a standard curve could be drawn only between 0 and 40% (v/v). This is a known problem. The relevant AOAC tables (1, 2) for the conversion of RI values to alcoholic strength values also go up to 40% (v/v).
The correlation equation for ethanol-water mixtures between 0 and 40% (v/v) was y = 0.0004x + 1.333, with a correlation coefficient R = 0.999. To measure alcoholic strength of >40% (v/v), the beverage should be diluted with distilled water proportions of 1:1, or higher if necessary.
The correlation of the 2 RI determinations with the pycnometer determination was checked with samples of Greek tsipouro. Several distillation fractions of Greek tsipouro of different alcoholic strengths were measured. Thirty-one samples of grape pomace distillates were used for the statistical evaluation of the methods studied (Table 1 ). Alcoholic strength of distillates from tsipouro,  measured by (A) pycnometer, (B) RI (AOAC) , and (C) RI (new method) Significance tests of the determination of alcoholic strength by the use of the pycnometer and by RI determination were also run to check for systematic errors ( Table 1) . As can be seen, both RI methods gave lower alcoholic strength values than did the pycnometer. The differences seemed to be stable between some limits and did not appear to correlate with the alcoholic strength of the distillate. This means that RI measurements with both methods studied exhibited negative systematic errors, compared with the corresponding measurements with the pycnometer.
To evaluate if the differences between the 2 RI methods studied and the reference method were statistically significant, the paired t-test (7) was applied. Values found were t = 14.88 for the AOAC method and 9.9 for RI measurement at 25°C. The t-value for 95% probability is 2.04, and that for 99% probability is 2.75, meaning that the null hypothesis is rejected. Accordingly, determination of alcoholic strength measured with the 2 RI methods produces values that, when examined statistically, are significantly different from those measured with the pycnometer.
A correlation study was undertaken to find possible relationships between the RI results and the reference pycnometer results. Values derived from measurements (Table 1) with the reference pycnometer and the 2 RI methods (31 for each type of measurement) were subjected to regression analysis. The regression equation found for measurement of RI values at room temperature by using transformation tables (1, 2) was y = 0.9984x + 0.7994; R 2 = 0.9999. The regression equation for measurement of RI values at 25°C and transformation with the aid of the standard curve was y = 0.9981x + 0.3393; R 2 = 0.9999. It can be seen that, for both cases studied, the slope (0.9984 and 0.9981) of the curve was very close to 45°. The R 2 values were also excellent; both were 0.9999. The standard terms of the equations could be used as correction factors.
Accordingly, the equation factor 0.799 should be used for correction of alcoholic strength measured with RI at room temperature (1) , and the factor 0.339 should be used for correction of alcoholic strength measured with RI at 25°C. Values found should be rounded to 1 decimal digit.
To further evaluate the accepted and the new proposed RI methods, several samples of known commercial distillates (gin, vodka, and kommovica) were measured ( Table 2) . Because of the rather small number of samples, 5, for each type of alcoholic beverage, no statistical evaluation of these results was undertaken. Nevertheless, some interesting results were obtained. The mean values of the differences (A -B, Table 2) of the measurements made by pycnometer and the EC method (1) are much smaller for vodka than for the corresponding means for gin and kommovica. Because vodka is composed mainly from ethanol, but gin and kommovica have a much larger concentration of congeners (8) , this difference could possibly explain the negative bias of the results. In both RI methods, the conversion tables (EC method; 1) or the calibration curve (new proposed method) were constructed with pure ethanol-water mixtures. Vodka is prepared as a rather pure ethanol-water mixture and should exhibit less deviation when the conversion tables (1) or the calibration curve is used, compared with other alcoholic beverages, as results showed. Accordingly, the negative bias appearing in both RI methods is probably due to the presence of other volatiles (congeners) in the distilled alcoholic beverages. Table 2 also shows that the mean values of the differences for A -C are much smaller than the corresponding differences for A -B, showing that the proposed new RI method has much better accuracy. Accordingly, the differences found for alcoholic strength determined by pycnometer and refractometer could be due to several factors.
The AOAC tables (1) and our calibration curve were constructed by using pure ethanol-water mixtures. On the other hand, the samples examined contain many volatile congeners besides ethanol, which cause a negative bias for all samples examined by refractometer. 
Conclusions
Taking these facts into consideration, we believe that the RI methods can be used successfully for quick measurement of alcoholic strength of small initial volumes of alcoholic beverages.
We suggest the use of measurement of RI at 25°C. The systematic error and the relative standard deviation of the differences between this method and the reference pycnometric method (Tables 1 and 2) were smaller than the corresponding differences for the officially proposed RI method (1) .
The effect of temperature on the robustness of this method was also checked with samples of different alcoholic concentrations. Temperature differences of 1°C corresponded to 0.2% (v/v). Inexpensive, constant-temperature baths attain a temperature stability of at least ±0.5°C, corresponding to an error of 0.1% (v/v) in alcoholic strength. Accordingly, the method should be considered robust enough in terms of the effect of temperature on the accuracy of the measurements.
